Abstract. Compressional wave travel times from a seismic tomography experiment at 9ø30'N on the East Pacific Rise are analyzed by a new tomographic method to determine the threedimensional seismic velocity structure of the upper 2.5 km of oceanic crust within a 20 x 18 km 2 area centered on the rise axis. The data comprise the travel times and associated uncertainties of 1459 compressional waves that have propagated above the axial magma chamber. A careful analysis of source and receiver parameters, in conjunction with an automated method of picking P wave onsets and assigning uncertainties, constrains the prior uncertainty in the data to 5 to 20 ms. The new tomographic method employs graph theory to estimate ray paths and travel times through strongly heterogeneous and densely parameterized seismic velocity models. The nonlinear inverse method uses a jumping strategy to minimize a functional that includes the penalty function, horizontal and vertical smoothing constraints, and prior model assumptions; all constraints applied to model perturbations are normalized to remove bias. We use the tomographic method to reject the null hypothesis that the axial seismic structure is twodimensional. Three-dimensional models reveal a seismic structure that correlates well with cross-and along-axis variations in seafloor morphology, the location of the axial summit caldera, and the distribution of seafloor hydrothermal activity. The along-axis segmentation of the seismic structure above the axial magma chamber is consistent with the hypothesis that mantle-derived melt is preferentially injected midway along a locally linear segment of the rise and that the architecture of the crustal section is characterized by an en echelon series of elongate axial volcanoes approximately 10 km in length. The seismic data are compatible with a 300-to 500-m-thick thermal anomaly above a midcrustal melt lens; such an interpretation suggests that hydrothermal fluids may not have penetrated this region in the last 103 years. Asymmetries in the seismic structure across the rise support the inferences that the thickness of seismic layer 2 and the average midcrustal temperature increase to the west of the rise axis. These anomalies may be the result of off-axis magmatism; alternatively, the asymmetric thermal anomaly may be the consequence of differences in the depth extent of hydrothermal cooling.
Introduction
Marine seismology has made considerable recent progress toward an improved definition and understanding of the structure of oceanic crust in the vicinity of mid-ocean ridges. Much of this progress has come from focusing a range of seismic experiments on individual sections of the ridge system and thereby accumulating independent and complementary constraints on physical structure. The East Pacific Rise (EPR) near 9ø30'N is a noteworthy example of a section of a fast spreading center that has served as such a focus. Multichannel seismic (MCS) reflection profiling has yielded constraints on the cross-axis width and depth of a strong midcrustal reflector interpreted as the top of the axial magma chamber (AMC) [Detrick et al., 1987; Kent et al., 1990 Kent et al., , 1993 and has imaged Copyright 1994 by the American Geophysical Union.
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0148-0227/94/94H]-01942505.00 the cross-axis structure of the shallowest volcanic layers . Rise-parallel refraction experiments, using the expanding-spread profile method, have provided one-dimensional velocity-depth distributions at several discrete crustal ages [Vera et al., 1990 ]. On-bottom seismic refraction experiments, conducted along and across the rise summit, have yielded detailed two-dimensional models of the uppermost crust [Christeson et al., 1992] . Last, a threedimensional tomographic experiment has imaged pronounced anomalies in compressional wave velocity and attenuation at all crustal depths, including the low-velocity, 1ow-Q volume that envelops the AMC reflector observed on MCS profiles [Toomey et Seismic imaging of mid-ocean ridge structure provides an opportunity to address the coupled processes of magma chamber evolution and hydrothermal circulation. Between the midcrustal magma reservoir and the venting at the seafloor of high-temperature sulfide-rich fluids lies a 1-to 2-km-thick zone where physical properties such as temperature and permeability play a critical role in the development and evolution of hydrothermal flow patterns. Seismic parameters, which include the velocity and attenuation of compressional and shear wave energy, are particularly sensitive to variations in temperature and porosity at scales of seismic wavelengths and greater. Thus we can expect that fresh constraints on the three-dimensional seismic structure of newly formed oceanic crust will provide new insights into the relationships between magmatic and hydrothermal regimes.
In this paper we develop a new tomographic method whose accuracy and robustness surpass those of methods previously applied to mid-ocean ridge seismic data sets. The improved accuracy of the method permits new information to be obtained from the seismic tomography data from 9ø30'N [Toomey et al., 1990] . From a high-quality subset of the compressional wave travel time data we focus the tomographic analysis on the two-and three-dimensional structure of the crust immediately above the axial magma chamber and the offaxis structure above 2.5 km depth. Within this shallow crustal region we find that the seismic structure is fully threedimensional and that the variations in compressional wave velocity correlate well with variations in the seafloor morphology, the location and form of the axial summit caldera (ASC), and the distribution of high-temperature seafloor hydrothermal venting.
Each seismic source was a 120-lb. explosive charge tethered to a surface float to ensure a fixed depth of detonation at 69 m below sea level. Because of the uniform size, packaging, and depth of detonation, the source signature for these charges was effectively identical, ensuring that any variability in the recorded data is the result of either known instrument response or the effects of seismic propagation [Wilcock et al., submitted manuscript]. A total of 482 explosive charges were detonated, of which 462 were well-recorded by most instruments.
The primary shooting area encompassed a 16 x 16 km 2 area centered on the rise axis. Within this region the shot spacing was nominally 1 km, except that within 3 km of the rise axis the shot spacing was decreased to approximately 0.5 km. The experiment was designed to permit tomographic mapping of structure within the primary shooting area and between the seafloor and the crust-mantle transition. The OBHs and the DOBHs recorded almost all, and the OBSs about 80%, of the explosive seismic sources. In addition, the continuously recording AOBHs provided records of nearby microearthquakes [Wilcock et al., 1992a] and several air gun profiles [Christeson, 1994] . Delay time seismic tomography relies on small differences among observed travel times to detect changes in structure. Thus an important step in our analysis of the data was the estimation of source and receiver positions and source origin times; the procedures we followed for source and receiver relocation are outlined in the appendix. Table 1 lists the final instrument locations and their uncertainties.
For the seismic tomography analysis that follows, we used data only from sources whose parameters were constrained by five or more observations. For this subset of sources, the formal estimates of the uncertainty in shot position and origin time were typically less than 10 m and 5 ms, respectively.
Experiment Description
The objective of the 1988 seismic tomography experiment at 9ø30'N was to image the three-dimensional crustal seismic structure of a fast spreading mid-ocean ridge. we chose a threshold value that separated the range of probable arrival times from improbable ones. Our estimate of uncertainty was taken as simply half the length of the time window associated with the AIC values that were less than the threshold. Admittedly, this approach is inexact and to some degree arbitrary in terms of assigning an absolute level of uncertainty.' However, it does have the advantage that the relative variation in the estimates of arrival time uncertainty are assigned in an objective fashion, thus removing the variability intrinsic to subjective visual methods. The relative uncertainties derived from the autoregressive method can be scaled to achieve absolute levels of uncertainty using the results of source and receiver relocation. The value of the rms residual for the water wave arrival time data following instrument and shot relocation (5 ms) gives an objective estimate of the expected uncertainty in the onset time of i•npulsive P waves. This inference follows because the speed of sound in water is well known and because the data used to relocate the instruments are affected by the same uncertainties as the data used in the tomographic analysis. These error sources include (1) imperfectly known source and receiver parameters and clock corrections and (2) misidentification of the phase onset time. The relative uncertainties in the arrival times of impulsive P waves, as calculated by the automated picking methods, were thus rescaled so that the minimum possible value was also 5 ms. For the data satisfying the selection criteria outlined below, the range of uncertainty in the P wave arrival times after rescaling was 5-20 ms. Because the present study focuses on shallow crustal structure, the full set of first-arriving P wave data was winnowed to ensure that all phases were associated with propagation paths that did not significantly interact with the axial magmatic system (Figure 3 ). This criterion ensures that the geometry of the seismic ray paths are well behaved and that the character of the first-arriving phase is generally impulsive; diffracted arrivals are not included in this study. Our reason for limiting the subset of data is that the anticipated variations in shallow crustal seismic structure are predicted to give rise to travel time residuals that are small in comparison with those resulting from propagation around or through the axial magmatic system. Because least squares inversions preferentially attempt to minimize the largest misfit, which is expected to be associated with the axial magma chamber, a simultaneous analysis of the complete data set would limit our ability to resolve the finescale variation in the shallowest crustal structure. The data were further winnowed by eliminating paths with source or receiver positions that lie beyond 10 km of the rise axis ( Figure  1 ), thus avoiding complications that might arise due to variations in structure that occur beyond the region of primary
shooting. The quality of the P wave travel time data employed in the present tomographic analysis is remarkably high. In addition to the causes of uncertainty in the arrival time of a P wave outlined above, the only other source of potential misfit, excluding that due to unknown structure, is noise due to imprecisely known seafloor bathymetry. For a slowness contrast across the seafloor boundary of 0.33 s/km and an uncertainty in the water depths of 10 m [Wilcock et al., 1993a] , the resulting uncertainty in travel time due to seafloor bathymetry is approximately 3 ms. Thus if the crustal structure were perfectly known, we could expect the final rms P wave travel time residual to be 6 ms.
Tomographic Method
The tomographic imaging of mid-ocean ridges is particularly demanding because of the large magnitude and the frequently short length scales of the seismic heterogeneity. An illustrative two-dimensional model of the seismic structure beneath the East Pacific Rise, derived from a one-dimensional analysis of rise-parallel refraction lines and cross-axis reflection data [Vera et al., 1990] , is shown in Figure 3 . The principal sources of heterogeneity in the seisxnic model are the rough seafloor, with a velocity contrast of 1-3 km/s, and the axial magmatic system, where lateral velocity variations exceed 50% over distances of a few kilometers. The complexity of the seismic structure that typifies mid-ocean ridges has several implications for both the forward and inverse components of a tomographic algorithm [Hole, 1992] . To reproduce simply the velocity structure of Figure 3b For seismic models similar to that of Figure 3 , Wilcock et al. [1993b] show that many first-arriving P waves that propagate near the axial low-velocity volume are either strongly refracted or diffracted arrivals and that the geometry of firstarriving ray paths varies considerably with small changes in source and receiver positions. In view of the strong dependence of wave paths on the velocity model and the path endpoints, tomographic inversions must be based on an initial model that is an accurate portrayal of the known or expected heterogeneity. Additionally, the seismic ray-tracing algorithm must be capable of calculating paths and travel times through strongly heterogeneous media.
A difficulty with the seismic tomographic inverse problem, particularly when applied to areas of active magmatism, is that the nmnber of parameters (105) needed to parmneterize accurately a realistic model may often exceed the number of seismic delay times (~103-104) comprising a typical tomographic data set. When the dimensions of the model space exceed that of the data space, the method of regularization plays a prominent role in the form of the final solution. In the following two sections we discuss our approach to the forward problem of seismic ray tracing and to the solution of the underconstrained inverse problem.
Forward Problem
The forward problem in seismic tomography is posed as a two-point ray-tracing problem in an arbitrary medium. A solution yields a path between a source and a receiver that is an extremum with respect to travel time. Typically, the solution to be sought is the global minimum in travel time, but secondary arrivals are sometimes utilized. Because tomographic methods rely on thousands of ray paths to sample a study volume, the forward problem must be computationally efficient. To attain efficiency, several previous tomographic algorithms either sacrificed accuracy in the calculation of ray paths and travel times [e.g., Thurber, 1983 An important feature of Dijkstra's algorithm is that a single solution yields the shortest path from the starting position to all nodes within the graph. Because of reciprocity of travel times with respect to the ray endpoints and because marine studies use a small number of receivers compared with sources, it is computationally efficient to consider a seafloor receiver as the starting point for seismic ray tracing. The combination of this feature of the shortest path method with a model parameterization that includes seafloor topography makes accurate water path corrections an easy task. Given the travel time field from a receiver to all nodal points on the seafloor, the minimum time path between a source in the water column and a seafloor receiver is found by searching over all possible paths connecting the two endpoints. By Fermat's principle, the path with the least time approximates the seislnic ray path and yields the approxilnate travel time.
Inverse Problem
We have adopted a hypothesis-testing approach [e.g., Jackson, 1979; Tarantola and Valene, 1982 ] to the seismic tomography problem. In practice, this means that the inversion method requires the user to define a prior state of information by choosing subjectively the values of several parameters (e.g., the scale of horizontal and vertical smoothing) and the uncertainty in the prior model. The prior state of information may also include a specific hypothesis, such as two dimensionality. We consider our tomographic method as more of an adaptive inverse modeling tool than a black-box inversion method. We adopt this approach for several reasons. Foremost among these is the argument that if the immber of model parameters is likely to exceed the number of independent data by several orders of magnitude, fl•en the questions of model uniqueness and resolution in the formal sense are less important. Instead, we opt to use the tomographic method to evaluate critically specific hypotheses or to obtain a preferred image by adaptive inverse modeling. The power of this formulation is in its ability to provide the user with a tomographic tool with which to evaluate systematically one-, two-, or three-dimensional structures. The following discussion focuses on the features which distinguish our algorithm from methods currently in practice: (1) the parameterization of the inverse problem, (2) the definition of the regularizing constraints, and (3) the optimum normalization of these constraints.
The forward and inverse problems are parameterized separately for reasons of flexibility and computational efficiency. When discussing the parameterization of the forward or inverse problem, we will refer to the slowness or the perturbational model, respectively. The travel time along a path P through a slowness model u(r) is t =liff(r)ds,
where r is the position vector and ds is the incremental path length. A general slowness field is related to a prior model Uo(r) by u(r) = Uo (r)+ 6u(r), Cm, ' 
Two-Dimensional Rise-Symmetric Inversions
We begin with inversions for two-dimensional crustal structure under an imposed constraint of axial symmetry. The optimum strike of the axis of symmetry was determined by trial and error. The values of the free parameters in the inversion algorithm were determined by conducting a series of inversions using synthetic data calculated from the two-dimensional model in Figure 3 and a source and receiver geometry identical to that of the tomography experiment. Synthetic inversions were initialized by one-dimensional and twodimensional models, and tens of synthetic runs were analyzed prior to selecting final parameters. The results of a twodimensional synthetic inversion with the preferred values of the free parameters and under the assumption that the uncertainty in the prior slowness model is uniform are shown in The DWS is a weighted sum of the path lengths influenced by a model parameter. Because (14) is sensitive to the spatial separation between a ray path and a node via the weighting function in (6), it provides a •neasure of seislnic ray path distribution that is superior to an unweighted count of the rays that sample a model parameter.
Contour maps of the spatially averaged DWS determined from three-dimensional paths calculated for the final tomographic image are shown at several depths in Figure 10 ; the averaging is defined by the smoothing constraints expressed in (10) and (11). As expected the DWS is typically greater beneath seismic stations, particularly near the seafloor. Because most ray paths penetrate the upper few hundred meters of oceanic crust at near vertical angles, the shallow crustal DWS is low in areas removed from a station. At depths of 400-600 m the DWS exceeds 0.25 km throughout most of model and at depths of 0.8-1.2 km the DWS, on average, exceeds 0.5 km; beneath the rise axis the average DWS values exceed 0.5 km at depths as shallow as 400 m. We can thus expect that the resolution of shallow crustal structure will be better beneath the rise axis than in off-axis areas distant from a receiver. At depths of 1.2-1.6 km the DWS values generally increase throughout the model space, indicating that sampling at these depths is distributed more evenly. The general incr.ease in DWS at depths of 1-2 km is a result of rays that turn at these depths and thus travel horizontally for a significant distance. The absence of ray paths through the axial low-velocity anomaly at depths greater than 1.6 km beneath the rise axis is apparent as near-zero values of the DWS. However, off axis the DWS values deeper than 1.6 km are generally higher and more evenly distributed than at shallower depths. From these results we can infer that the resolution of seismic structure should increase with depth in our models and that the poorest resolved regions will be the shallowmost crust away from the A comparison of our current results with those previously reported [Toomey et al., 1990] , which were obtained with a different tomographic algorithm [Thurber, 1983] and a different subset of the overall data set, indicates that our new analysis provides an improved fit to the data and images of anomalous features that were formerly undetected. Previously, we were able to reduce the weighted rms travel time residuals to 42 ms, in comparison with the rms of 9 ms reported here. We attribute this improvement, in part, to a more accurate raytracing algorithm and to an inversion approach that permits simultaneously a densely parameterized slowness model and a well-conditioned search for a smooth perturbational model. Indeed, despite increasing the density of the perturbational model by 4-5 times that previously used, we obtained an image that is visibly smoother and presumably less influenced by illconditioning. Perhaps more importantly, the new images show features not fully present in our previous report, such as the off-axis asymmetry in the shallow crust, the along-axis variation in uppermost axial crustal structure, and the llorizontal and vertical dimensions of the low-velocity volume overlying the AMC reflector.
Interpretation and Discussion
The three-dimensional tomographic images of the crustal structure immediately above the AMC reflector are characterized by two anomalous features that vary systematically along the rise axis: A volume of anomalously low velocity extending 300-500 m above the AMC reflector and a region of anomalously high velocity within 1 km of the seafloor. The along-axis length scales for both of these velocity anomalies are similar to those of other seafloor features.
In Further evidence for segmentation of the seismic velocity structure, and by inference the crustal thermal structure, is a broad low-velocity anomaly imaged south of the 9ø28'N deval at depths near the AMC reflector (-1.6 km) (Plates li-lk and 2d). The cross-axis width of this anomaly, which includes the low-velocity magma chamber anomaly in the starting model ( Figure 6 ) and regions where velocities are anomalously low by more than 0.2 km/s, is 8-10 km at depths of 1.6 to 2 km (Plates li-lk). The low-velocity anomaly is not symmetric about the rise; it is particularly pronounced to the west of the rise axis where it is at least 2 km thick. This anomaly also lies beneath a bathymetric feature 60 m in height that may be a volcanic edifice (Figure 9 ) and near to where Mutter et al. The low-velocity anomaly south of the 9ø28'N deval is associated with an apparent illcrease in the width of the rise summit (Figure 9 ). For example, the 11-km width of the 2750-m contour at 9ø28'N is the largest in the area of to•nographic imaging, and it exceeds by 3 km the width of the same contour level at 9ø35'N. These observations suggest that the width of the axial summit may correlate with the width of the lowvelocity volume that envelops the axial magmatic system. In addition, these limited observations suggest that the segmentation of the rise axis morphology, as defined by seafloor devals, is similar to that of the underlying seismic crustal structure. We speculate from these observations that the emplacement of magma within the upper crust occurs over a wider cross-axial region in the vicinity of the 9ø28'N deval. Our tomographic analysis has focused on the two-and threedimensional structure of the crust immediately above the axial magma chamber and the off-axis structure above 2.5 km depth. 
Appendix: Instrument and Source Relocation
To estimate receiver and source positions, we used a method similar to that of Creager and Dorman [1982] . This technique uses water wave arrival times from shots deployed during periods of Global Positioning System (GPS) coverage to fix simultaneously the locations of the seafloor receivers and the source parameters. The estimation of receiver and source parameters was a two-stage process. First, from the arrival times of the water waves for a subset of 20% of the shots, source parameters and positions of the 15 ocean bottom receivers were estimated simultaneously. Second, from the receiver positions so relocated, we calculated source parameters for all shots from water wave arrival times.
To determine the range of reliable water path data, we exam- 
